[1] Snow pit work of several-day intervals was performed simultaneously with radiation budget observations during two winters in eastern Hokkaido, Japan. From these data we investigated the effects of elapsed time after snowfall (snow aging), air temperature, snow surface temperature, snow grain size, and snow impurities on the visible and the near infrared albedos for improving the snow albedo scheme in the land surface process from an empirical model to a physically based model. The dependence of albedos on elapsed time after snowfall could be clearly classified by dividing the snow-covered period into a dry snow season and a wet snow season rather than by snow surface temperature. The albedo reduction by snow aging statistically depends on the snow surface temperature, which is often used to predict the snow albedo in the empirical model of land surface process. However, the albedo reduction rate was very scattered for snow surface temperatures above À10°C. This is because the snow albedo reduction essentially depends on the snow grain size and the concentration of snow impurities. Using the radiative transfer model for the atmosphere-snow system, the effects of these snow physical parameters on broadband albedos are calculated and compared with the observed ones. The measured broadband albedos fell close to the range of theoretically calculated ones as functions of these snow physical parameters. In particular, the measured near infrared albedo agreed well with the theoretically calculated ones both for the dependence of snow grain size and snow impurities but not as well for the visible albedo in detail. In the near infrared region the light absorption by ice is strong, and thus the snow albedo contains the information of snow physical parameters near the surface where these parameters are measured. In contrast, the visible albedo contains the snow information in the deeper layer because the ice is relatively transparent in the visible region. This suggests the necessity of the multiple-snow-layer model for the visible region in the physically based snow albedo model. 
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Introduction
[2] The cryosphere is very sensitive to global warming because the surface albedo in the cryosphere drastically changes due to a phase change of snow/ice surfaces. According to the report of Intergovernmental Panel for Climate Change (IPCC) [2001] , many general circulation models (GCMs) predict a large warming in the high latitudes of the Northern Hemisphere in this century, which is related to the reduced snow and sea ice cover. In the Northern Hemisphere, the snow cover extent has decreased about 10% since 1966, and the sea ice extent has decreased 2.8 ± 0.3% per decade since 1978 [IPCC, 2001] . Both measurements are based on satellite data analyses for snow cover extent [Robinson, 1997] and sea ice extent [Parkinson et al., 1999; Johannessen et al., 1995] . A large positive trend of surface air temperature exceeding 1.0°C per decade for land at high latitudes in the Northern Hemisphere, in winters from 1976 to 2000 [IPCC, 2001] , is also estimated from the analysis by Jones et al. [2001] .
[3] Surface conditions in the cryosphere have thus changed in the past several decades and are expected to change in the future. To accurately simulate the future climate in the cryosphere, a better land-surface process scheme, especially with an accurate snow albedo model, is necessary. For sea ice, the snow albedo is important because large parts of the sea ice surface are covered by snow. The factors to change the spectral albedo of the snow surface are essentially divided into two categories: (1) the physical parameters of snow and (2) the external parameters such as atmospheric conditions and solar zenith angle [Aoki et al., 1999] . The important factors in the snow physical parameters are snow grain size and concentration of snow impurities. The near infrared albedo decreases with an increase of snow grain size , and the visible albedo is reduced by snow impurities . Under clear-sky conditions, the monochromatic snow albedo has a solar zenith angle dependence (high at a large solar zenith angle and vice versa). Warren [1982] explained this phenomenon by an extinction of the direct solar beam in the snow and an extreme asymmetry of the scattering phase function of snow particles. Under cloudy conditions, the direct beam disappears and the snow surface is illuminated diffusely, so the monochromatic albedo loses solar zenith angle dependence and becomes almost constant at a solar zenith angle of 50°f or a clear sky. In this case, the spectrally integrated albedo also loses its solar zenith angle dependence, while the value is higher than those at any solar zenith angle for a clear sky [Aoki et al., 1999] . Liljequist [1956] explained this by the difference in the spectral distribution of the downward solar flux between the clear and cloudy sky cases. For areas of sufficiently deep and flat snow, such factors as snow grain size, concentration of snow impurities, sky condition, and solar zenith angle are essentially the dominant factors for the change of spectral snow albedo (thus broadband albedo as well).
[4] To estimate snow albedo accurately, the factors mentioned above should be dealt with explicitly in land surface models (LSMs) or GCMs. However, the snow submodels estimating albedo empirically are mainly used in the present LSMs or GCMs. For example, in the simple biosphere model (SiB) by Sellers et al. [1986] the surface albedo of snow with a water equivalence greater than 0.01 m is assumed to be a fixed value of 0.8 (0.4) for the visible (near infrared) wavelength region. These values are reduced to 60% of original values when the surface temperature is close to or at the melting point. The snow submodel in the Biosphere-Atmosphere Transfer Scheme (BATS) by Dickinson et al. [1986 Dickinson et al. [ , 1993 is a somewhat complicated empirical model in which three effects were taken into account to estimate snow albedo: (1) calculating the albedos in the visible (l < 0.7 mm) and the near infrared (l ! 0.7 mm) spectral regions separately; (2) solar zenith angle dependence; (3) snow aging dependent on the snow surface temperature, in which the snow aging effect contains the implicit effects of snow grain growth and impurities. Roesch et al. [1999] also employed the dependence of snow albedo on surface temperature, in which surface albedo is interpolated between fixed albedos at temperatures of 0°C and À10°C for the three types of surfaces (land snow, land ice, and sea ice). Recently, in community of land modeling groups the common land model (CLM) has been developed [Dai et al., 2003] and has already been coupled with the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3) [Zeng et al., 2001] . Although many processes were improved in CLM, snow albedo process is basically the same as that in BATS (Y. Dai et al., Common Land Model (CLM) technical documentation and user's guide, 69 pp., 2001, available at http://climate.eas.gatech.edu/dai/clmdoc.pdf).
[5] In the last several years, some snow albedo models were validated using long-term surface meteorological data. Yang et al. [1997] verified the performance of the snow submodel in BATS model using the long-term snow data from the former Soviet Union and arrived at a good agreement for snow albedo. Takayabu et al. [2001] compared the performance of four kinds of LSMs (JMA-SiB, CCSR/NIES-LAND, MATSIRO, and TOHKU) with the GEWEX Asian Monsoon Experiment (GAME)/Tibet data and concluded that the forecasted snow masses are very different because of the differences in the snow albedo schemes. Two models (JMA-SiB and MATSIRO) change the snow albedo depending on the snow surface temperature as Roesch et al. [1999] ; the other two models consider the effect of snow aging. Mabuchi et al. [1997] reduce the albedo exponentially depending on the elapsed time after snowfall. Yamazaki [2001] , in the less improved version of TOHOKU, introduced the empirical air temperature dependence into the albedo reduction (snow aging) rate. In this way, the empirical snow albedo models have been widely used. However, the parameters used in such empirical models should differ for time and place, especially for future climate conditions.
[6] Parameterization of snow albedo in GCM by Marshall and Oglesby [1994] is one of the very few physically based snow albedo models that take into account the effects of snow grain size, the concentration of snow impurities, the diffuse fraction of the downward solar flux, and the solar zenith angle. Their model is based on the theoretically calculated snow albedo model of Wiscombe and Warren [1980] . Marshall and Oglesby [1994] emphasized the necessity for snow hydrology based on fundamental physical processes for simulating climates with confidence. Nolin and Frei [2001] calculated the energy budget on the snow surface using the same albedo parameterization by snow grain size. They reported that the variable albedo was significantly more realistic and representative than the constant albedo value. Since the empirical snow models generally contain the tuning parameters or experimental coefficients determined by specific observations, this would cause an error in estimated albedos for global application. A physically based snow albedo model is expected to solve this problem. However, there is no direct comparison of parameters such as snow grain size or concentration of snow impurities with snow albedos from long continuous observations. Therefore we performed snow pit work of several-day intervals simultaneously with radiation budget and meteorological observations during two winters in eastern Hokkaido, Japan. From these data, we investigated the effects of time after snowfall (aging), snow surface temperature, impurities, and grain size on the visible, the near infrared, and the shortwave (total) albedos.
Instrumentation and Data

Radiation Budget and Meteorological Components
[7] In the radiation budget observation, the upward and downward components of radiant flux densities in shortwave (l = 0.305 -2.8 mm), near infrared (l = 0.695-2.8 mm), and longwave (l > 4 mm) spectral regions were measured using four pyranometers (MS-801) and two pyrgeometers (MS-200) made by EKO Instruments Trading Co., Ltd. (Japan). For measuring the near infrared region, a cutoff filter dome at l = 0.695 mm was installed on the pyranometer. Each radiation component was sampled every 10 s, and 1-min-averaged values were stored in a data logger. The visible radiation was determined by subtracting the near infrared radiation from the shortwave radiation. Broadband albedos were calculated from 30-min-averaged values of measured radiation components at every half-hour interval (01 -30 and 31-00 in minutes). We analyzed only the data nearest to the local solar noon (the data measured during 1131 -1200 LT) to keep the observational condition uniform. Otherwise, when the sun is at an easterly or westerly position, the snow surface is shadowed by the two vertical frames supporting the instruments. In early morning, frost sometimes formed on the instruments set upward in the 1999/2000 winter. (In the 2000/2001 winter, a ventilation system on the glass dome was employed to remove the frost). In such cases, the data measured before we removed the frost in the morning might be erroneous. We limited the data to be analyzed to a snow depth of more than 30 cm, which is sufficiently deep optically, and thus the surface albedo is not influenced by the underlying surface (except as discussed in Figures 2 and 5 ). Although we need to investigate the effects of snow physical parameters on albedo, the conditions of the solar zenith angle and cloud cover at local solar noon, which could affect the snow albedo as mentioned in section 1, also vary during the observation period. We will discuss how much these factors deviate from the broadband albedos that use a multiple scattering radiative transfer model for the atmosphere-snow system in Appendix A.
[8] Meteorological components measured with the radiation budget observation were air temperature and relative humidity at a height of 1 m above the snow surface. These data were recorded every minute in a data logger. Snow depth was measured with a laser snow gauge, and precipitation with a rain gauge, every hour. The snow surface temperature was calculated from the observed longwave radiation data using the equation given by
where LW # and LW " are downward and upward longwave flux densities, e is snow emissivity for which we employed the value of 0.97 [Kondo and Yamazawa, 1986] , and s is the Stefan-Boltzmann constant.
Snow Pit Work
[9] Snow pit work was done two or three times per week for the components of snow type, temperature, density, and snow grain size in each snow layer, together with snow sampling for the measurement of snow impurities. In the measurements of snow grain size, two or three kinds of dimensions at the snow surface were measured with a handheld lens by the same method as Aoki et al. [2000] . These measurements were one-half length of the major axis of crystals or dendrites (r 1 ), one half the branch width of dendrites or one half the dimension of the narrower portion of broken crystals (r 2 ), and one half the crystal thickness only for dendrites or plate-like crystals (r 3 ). For aggregate granular grains, one half the dimension of the cluster and each grain's diameter were measured as r 1 and r 2 . Aoki et al. [1998 Aoki et al. [ , 2000 concluded that the optically equivalent snow grain size was r 2 for new snow or faceted crystals from the spectrally detailed albedo measurements together with snow pit work. The snow impurities (water-dissolved solid particles in the snowpack) were filtered using a Nuclepore filter, after melting the snow sample. We used a two-stage filtering system of Nuclepore filters with different pore sizes of 0.2 mm and 5.0 mm for snow samples from the surface to three snow depths (0 -1 cm, 0 -5 cm, and 0 -10 cm). This produced rough information of the impurity types and a vertical profile of the impurities in the snow. We found the majority of impurities were collected on the Nuclepore filter with a pore size of 5.0 mm, and the main constituent was mineral particles. The concentrations of snow impurities were estimated by direct measurements of the weights of Nuclepore filters, before and after filtering, using a balance. Figure 2 shows the daily variations of representative snow and meteorological components at 1200 LT (albedos were averaged in 1131 -1200 LT) of every day during all observation periods. The maximum snow depth in the 1999/2000 was 117 cm and that in the 2000/2001 winter was 72 cm. The average snow depths in midwinter were around 60 cm. The air and snow temperatures were almost always negative in December, January, and February. When the surface was not covered by snow, the near infrared albedo was higher than the visible one. However, this relationship was reversed for the snow surface because of the difference in spectral variation of the albedo between withered grass and snow cover. Snow albedos vary with small variations of snow depth, which we will examine in detail in the next section. Snow began to melt in March and disappeared in April.
Observation Conditions
[11] Figure 3 shows the observed results of snow type obtained from snow pit work. Until the beginning of March when snow melting began, the snow consisted of dry snow such as new snow, faceted crystals, and depth hoar. We refer to this period as the ''dry snow season'' or ''accumulation season.'' After the beginning of March, almost all snow layers consisted of wet snow (granular snow). We refer to this period as the ''wet snow season'' or ''melting season.'' However, from the viewpoint of snow albedo, snow type in a few layers near the surface is important. In 2001, snow types in almost all snow layers changed to granular snow on 6 March. This is caused by the positive air temperature with rainfall on 3-4 March, when the albedo decreased rapidly as shown in Figures 2b and 2d. After this event, snowfall at low temperature increased the albedo. From 6 -13 March, new snow and/or faceted crystals on the thick crust were observed as shown in Figure 3b and caused the high albedo shown in Figure 2b . Thus we treated this period as the dry snow season. Since the snow pit work was not performed every day, the first day of the wet snow season between each snow pit work is determined by the snow surface temperature. Accordingly, we defined the wet snow season as starting on 6 March in 2000 and 16 March in 2001.
Effects of the Snow Physical Parameters on Broadband Albedos
Snow Aging
[12] The snow aging effect on albedo is generally due to two reasons. The first is an increase of snow grain size caused by a metamorphosis of snow grains such as sintering or melting. The second is an increase of snow impurities caused by dry deposition of the atmospheric aerosols or by the sublimation/melting of surface snow. These two factors reduce the snow albedo in such a way that the near infrared albedo mainly decreases with an increase of snow grain size and the visible albedo is reduced by snow impurities as described in section 1. In Figures 2a -2b , the broadband albedos increase with a steep increase of snow depth (i.e., snowfall), and decrease with elapsed time after snowfall. This is the snow aging effect. To see the detailed features of albedo reduction, three broadband albedos measured at local solar noon are plotted as a function of elapsed time after snowfall in Figure 4a , where we define a snowfall as an increase of snow depth exceeding 3 cm. Dots (plus symbols) indicate negative (positive) snow surface temperatures. The linear regression lines for each albedo are also plotted for negative and positive temperature ranges of snow surface, and the statistical parameters are shown in the upper part of Table 1. Figure 4a contains the effects of solar zenith angle and cloud cover on broadband albedos, which are discussed in Appendix A. Albedo reduction for positive snow surface temperature is remarkable, and it is larger for the near infrared region than for the visible region. This is because an increase of snow grain size is significant under positive snow surface temperatures. All correlation coefficients of the linear regression equation, however, are low as shown in Table 1 . The effect of snow aging cannot be clearly classified by snow surface temperature.
[13] We next divided the observation period into the two parts of dry snow season and wet snow season as defined in Figure 3 . As a result, the dependence of albedos on elapsed time after snowfall can be clearly classified as shown in Figures 4b and 4c . The correlation coefficients are also drastically increased, as shown in the lower part of Table 1 . This means that the albedo of dry snow is stable because of small grain size under low temperature, while the albedo of granular snow is relatively low and easily decreased because of large grain size and quick metamorphosis around the melting point. The dry deposition of atmospheric aerosols onto the snow surface is also masked by frequent snowfalls in the dry snow season (accumulation season). In the wet snow season (melting season), snow impurities appear at the snow surface by sublimation/melting of the surface snow. This effect accelerates the albedo reduction.
However, we defined the ''wet snow season'' by an unusual method in section 3. If the ''wet snow season'' were defined by the ordinary method (i.e., determined only by the existence of granular snow), the correlation coefficients of the regression lines in Figure 4c would be very low. For this reason, it is generally difficult to calculate the snow albedo by elapsed time after snowfall in the wet snow season.
Snow Surface Temperature
[14] Both the snow aging effect and the air temperature (T a ) or snow surface temperature (T S ) are used in many empirical snow albedo models. We thus examined the relationship between the snow albedo and these temperatures based on all of our observed data including the snow albedos for snow depths of less than 30 cm and the ground albedo without snow. Figures 5a and 5b show the broadband albedos as functions of T a and snow/ground surface temperature, respectively. In Figure 5a , the snow albedos gradually decrease at T a > 0°C, while in Figure 5b , they drop drastically at positive snow/ground surface temperatures, where there are no high albedos. Figure 5b shows that the snow surface temperature never exceeds the melting point, but this is an important fact for empirical snow albedo models.
[15] Figure 6a shows the T S dependence of shortwave albedo reduction after snowfall and the linear regression lines for each range of T S . The statistical parameters are shown in Table 2 . The albedo reduction with elapsed time after snowfall is very small at low T S and increases with increasing T S . However, it is very scattered for T S ! À10°C. This means that T S is not a good parameter for predicting the snow albedo around the melting point where the snow albedo is affected both by the current T S and by past meteorological conditions. Therefore we estimated the albedo reduction rate per day as a function of 24-hour mean snow surface temperature T S (Figure 6b ). The albedo reduction rate increases with T S in the order of near infrared, shortwave, and visible regions. Although these values are also scattered, the results of significance testing for regression equations were all significant with a significance level of 99%, as shown in Table 2 . This result implies that the albedo reduction rate due to snow aging statistically depends on snow surface temperature. However, it would Table 1 . contain an error to some extent in snow albedo prediction using snow surface temperature.
Snow Grain Size and Snow Impurities
[16] Snow albedo essentially depends on snow grain size and snow impurities as mentioned in section 1 rather than on T a or T S . We investigated the effects of these snow physical parameters measured from snow pit work on broadband albedos. Figure 7 shows the broadband albedos as a function of snow grain size. Circles and crosses show the differences in the dimensions of measured snow grain sizes r 2 and r 3 , as defined in section 2. Curves in Figure 7 show the theoretically calculated broadband albedos for several kinds of snow impurity concentrations (c), solar zenith angles (q 0 ), and sky conditions (clear/cloudy). The effects of q 0 and cloud cover on albedo are discussed in Appendix A. These curves represent the albedos under the possible variation ranges of c, q 0 , and cloud cover, when the snow albedo data we analyzed were measured. For example, for the visible region, the maximum albedo is theoretically expected under the conditions of c = 1 parts per million by weight (ppmw), q 0 = 67°, and clear skies, and the minimum albedo is theoretically expected under the conditions of c = 100 ppmw, q 0 = 40°, and clear sky (see Appendix A). We now look at the relationship between snow grain size and measured albedos in Figure 7 , where the measured albedos decrease with the snow grain size, and decrease remarkably for the near infrared albedo. This tendency agreed with those of theoretically calculated albedos for the data of r 2 , while the albedos for r 3 are lower than the theoretical ones. This means that the optically equivalent snow grain size is r 2 as shown by Aoki et al. [1998 Aoki et al. [ , 2000 . However, even for r 2 , some data are out of the range of theoretically calculated albedos. One possible reason is that the light absorption is weak in the snow impurity model (OPAC mineral particles) we employed. We will discuss other possibilities later.
[17] It is worth showing the relationship between snow surface temperature and snow grain size, because the effect of temperature is important in its role in the growth of the snow grain size. Figure 8 shows this relation for r 2 and r 3 , in which r 2 keeps small values at T S < À10°C and increases around melting point, while the value of r 3 is independent on T S . The result of r 2 is consistent with the same figure estimated from satellite data by Hori et al. [2001] . However, the values of snow grain size at one fixed T S widely distribute particularly for r 2 around melting point. This is because that snow grain size is determined not only by T S at that moment, but also the past meteorological conditions such as T S and incoming radiation.
[18] Figure 9 shows the broadband albedos as a function of concentration of snow impurities. Crosses, plus symbols, and circles show the differences in the sampling layer of Figure 5 . Broadband albedos as a function of (a) air temperature and (b) snow/ground surface temperature. Table 2. snow. The measured albedos decrease with the concentration of snow impurities. Warren and Wiscombe [1985] showed the similar figures in which the theoretical calculated shortwave albedo is reduce by 10% by soot contained in snow of 0.1 -1.0 ppmw depending on snow grain size, while the concentration of snow impurities begins to reduce the albedo in our measurement is higher roughly by 2 orders. This is due to the difference in absorptivity between soot and dust. In general, c is highest for the snow sampling layer of 0 -1 cm depth, second for the layer of 0 -5 cm depth, and lowest for the layer of 0-10 cm depth because the snow impurities are supplied by the dry deposition of the atmospheric aerosols, as described by Aoki et al. [2000] . Very high values of c, exceeding 100 ppmw, were recorded in the 0-to 1-cm layer as shown in Figure 9a , where the corresponding albedos fall in the theoretically calculated range. However, some of the visible albedos corresponding with c in the 0-to 10-cm layer were lower than any theoretical curve. Although this could also be explained by the weak absorption of the snow impurity model we employed, the nonhomogeneity of impurities (high at the top layer) in snow layers near the surface could reduce the visible albedo [Aoki et al., 2000] . We will discuss this issue later. On the other hand, the measured near infrared albedos fall within the theoretically predicted range.
[19] In both the snow grain size dependence and the impurity dependence of broadband albedos, the measured albedos fall roughly in the theoretically predicted range. In general, when the snow grain size is large, the concentration of snow impurities is also high (i.e., the melting season). Moreover, there is an effect whereby a visible albedo reduction caused by snow impurities is enhanced by an increase of snow grain size . To examine the relationships among the measured values of these parameters and albedos, we plotted the broadband albedos as a function of c. We did this for several ranges of snow grain size as shown in Figure 10 , where the measured value of c is for the 0-to 5-cm layer and the measured snow grain size is for r 2 . The measured visible albedos in each range of snow grain size except for 500 mm r 2 do not correspond with the theoretical curves. On the contrary, the measured near infrared albedos in each range of snow grain size have a clear correspondence with the theoretical curves. This is explained as follows: In the near infrared region, the light absorption by ice is stronger than that in the visible region, so the near infrared albedo contains the information of the snow physical parameters near the surface. The parameters of snow grain size and concentration of impurities were measured at the snow surface and in the 0-to 5-cm layer. This leads to the agreement of the measured near infrared albedo with the theoretical ones. In contrast, the visible albedo contains the information of the snow physical parameters in the relatively deeper snow layers. If the snow physical parameters in the deeper layers were not the same as the measured ones in the surface layers, the visible albedo would deviate from the theoretical curves. For example, if there were a new snow cover (small r 2 ) of a few centimeters on old granular snow (large r 2 ), the near infrared albedo would take a theoretically predicted value for small grain size. However, the visible albedo would be lower than the theoretically predicted value for all snow layers with small grain size due to the granular snow layer below. This issue of the measured albedos being lower than the theoretically calculated ones in the previous paragraph might also be related to the nonhomogeneity of the snow parameters.
[20] We measured the snow grain size throughout the snow layers and the concentration of impurities for three layers from the surface. These data looks useful to validate a relationship between visible albedo and snow physical parameters inside the snow. However, at the present stage it is practically difficult because of the following reasons:
(1) The information of snow physical parameters such as grain size and impurities contained in visible albedo is the maximum at snow surface and decreases at lower layers. (2) Optical depth of snow layer per unit depth changes depending on parameters of snow density, grain size, and concentration of impurities. Therefore the effective layer of snow physical parameters related with the visible albedo themselves varies snow physical parameters. We should consider this problem as a future issue.
Conclusions and Outlook
[21] In land surface models or general circulation models, snow albedo is often predicted by means of empirical models. However, the snow albedo essentially depends on the snow physical parameters such as snow grain size and snow impurities. To obtain the basic data for improving the snow albedo model, we performed snow pit work at severalday intervals simultaneously with radiation budget observations during two winters in eastern Hokkaido, Japan. From these data, we investigated the effects of elapsed time after snowfall (snow aging), air temperature, and snow surface temperature, whose parameters are used in empirical snow albedo models, on the visible and the near infrared albedos. Using the radiative transfer model for the atmosphere-snow system, we calculated the effects of snow grain Here a is snow albedo, t is elapsed time after snowfall (hours), r a is albedo reduction rate per day, and T S is 24-hour-mean snow surface temperature (°C).
size and concentration of snow impurities on broadband albedos and compared them with the observed ones to develop a physically based snow albedo model in the future.
[22] The effect of snow aging on the broadband snow albedo could be seen in the scatterplot of albedos as a function of elapsed time after a snowfall greater than 3 cm. This dependence of albedo could be clearly classified by dividing the snow-covered periods into dry snow season and wet snow season. This result critically depends on the definition of the wet snow season. The albedo reduction by snow aging statistically depended on the snow surface temperature, which is often used to predict the snow albedo in the empirical model of the land surface process. However, the albedo reduction rate was very scattered for the snow surface temperature higher than À10°C. This is because the snow albedo reduction essentially depends on the snow grain size and the concentration of snow impurities.
[23] Comparing measured snow albedos as functions of snow grain size and concentration of snow impurities with the theoretically calculated ones using the radiative transfer model revealed that the measured broadband albedos fell almost within the range of theoretically calculated ones. In particular, the measured near infrared albedos agreed well with the theoretical ones for the dependence on both snow grain size and impurities, while agreement with the visible albedo was not so good. This is due to the difference in light absorption by ice between the visible and near infrared regions. In the near infrared region, the light absorption by ice is strong and the albedo contains the information of the Crosses, plus signs, and circles show the differences in the snow sampling layer. Curves in Figure 9 show the theoretically calculated broadband albedos for several kinds of snow grain sizes (r eff ), solar zenith angles (q 0 ), and sky conditions (clear/cloudy). snow physical parameters only near the surface where the parameters were measured. This led to a good agreement of albedos in this region. In contrast, the visible albedo contains the snow information in the deeper layer because the ice is relatively transparent in the visible region. This suggests the necessity of a multiple-snow-layer model in the visible region for the physically based snow albedo model.
[24] The surface condition in the cryosphere has changed in the past several decades and is expected to change more in the future. The physically based snow albedo model is thus necessary to accurately predict snow albedo, when the snow grain size and snow impurities are very important factors. Hori et al. [2001] demonstrated the preliminary results of satellite remote sensing of these snow parameters using MODIS data. This product would be useful to validate the future physically based snow albedo model. Furthermore, the issue of the multiple-snow-layer model for the visible albedo may be solved by the remote sensing technique using multiple spectral channels Tanikawa et al., 2002] , which obtained information on the vertical profile of snow grain size by multiple spectral channels in the visible and near infrared regions.
[25] We discuss an applicability of our result to the other locations. Our observation site Kitami in Hokkaido is located in midlatitude and seasonal snow covered area. During the period from December to February, the air and snow temperatures were mostly negative even at local solar noon as shown in Figure 2 , and the dry type snows were observed as shown in Figure 3 . It is cold for its latitude and the normal (30 years) averaged minimum air temperatures in this period ranges from À9.8°C to À14.5°C. As shown in Figure 6 , snow albedo was very stable for T S < À10°C and decreased for T S ! À5°C. This tendency would be kept for the other sites. Particularly for the effect of snow grain size on albedo, the results at Kitami could be extended to the other areas. However, the absorptivity of snow impurities (i.e., dust or soot) and their amount vary depending on the locations. Since the concentration of snow impurities is very low in Antarctica [Warren and Clarke, 1990] and remote sea ice areas [Warren and Clarke, 1986] , the snow aging effect on albedo related with snow impurities in these areas would be weaker than that in the present study.
[26] We finally discuss how best to use our result for improvement of snow albedo parameterization. Two parameters of snow grain size and concentrations of snow impurities should be treated as predictors in physically based snow albedo model. For this purpose, the snow grain size should be explicitly predicted in snow layer models such as the Crocus model [Brun et al., 1992] and the SNOWPACK model [Lehning et al., 2002] , in which snow metamorphosis is calculated from the heat budget in the snow. For the concentration of snow impurities, in the model of Marshall and Oglesby [1994] it could be considered explicitly, but they assumed the pure snow in their paper. Since a source of snow impurities is the atmospheric aerosols, it is necessary to simulate both the process of transportation of the atmospheric aerosols (particularly soot and dust independently) and the deposition of atmospheric aerosols into snow. For validations of these processes, our result would give basic information. Our result would also be useful for the validation of empirical snow albedo models.
Appendix A: Theoretically Predicted Variability of Broadband Albedos
[27] Broadband albedos were calculated to examine the effects of the solar zenith angle (q 0 ) and cloud cover using a multiple scattering model of radiative transfer for the atmosphere-snow system [Aoki et al., 1999 [Aoki et al., , 2000 . Figure A1 shows the visible and near infrared albedos under clear and cloudy skies as a function of q 0 . In this calculation, we used the model atmosphere of midlatitude winter, rural aerosol model with an optical thickness of 0.1 at a wavelength of l = 0.5 mm, and the same model of water cloud as Aoki et al. [1999] . The atmosphere is divided into 14 layers, and the snow is treated as one layer, which means that physical parameters of snow are uniform from the surface to the bottom. Since the effects of q 0 and cloud cover on albedos differ depending on the effective snow grain size (r eff ) and concentration of snow impurities (c), albedos are calculated for r eff = 30 mm (new snow) and 1000 mm (granular snow), and c = 1 ppmw (background level) and 100 ppmw (very dirty case) of mineral particles as mentioned below. These values were determined from our snow pit measurements of r 2 for snow grain size and the concentration of impurities in the snow layer of 0-5 cm depth. For the size distribution of snow particles, we employed a lognormal distribution with a geometric standard deviation of 1.6 measured by Grenfell and Warren [1999] in Antarctica. For snow impurities, the coagulation mode of the mineral aerosol model [Hess et al., 1998 ] was used because Figure 10 . Same as Figure 9 but for the measured value of c in the 0-to 5-cm layer. Each value of measured albedos is plotted for four ranges of snow grain size (r 2 ). the main constituent of snow impurities collected on the Nuclepore filter from our snow sample was mineral particles as mentioned in section 2. In Figure A1 , the two vertical dashed lines indicate the maximum and minimum values of q 0 varied in the observation period (at local solar noon from 1 December to 1 April, see Figures 2c and 2d) .
[28] Comparing Figures A1a and A1b, we found that the visible albedo is reduced by an increase of c and that the degree of reduction is considerable for large r eff . The effect of c is also seen on the near infrared albedo, where its reduction is 0.01 to 0.02 for r eff = 30 mm and 0.06 to 0.09 for r eff = 1000 mm from the case of c = 1 ppmw to the case of c = 100 ppmw. The effect of r eff is significant for the near infrared albedo irrespective of the value of c. The combination of large values of r eff and c reduces the visible albedo as mentioned above. The q 0 dependence of snow albedo is generally significant for large r eff and high c under clear skies in the near infrared region. In contrast, cloud cover eliminates the q 0 dependence of albedos but increases the near infrared albedo for the reason mentioned in section 1. Therefore the maximum near infrared albedo appears under cloudy conditions, and the maximum visible albedo appears under clear conditions at q 0 = 67°. The minimum albedo appears under clear conditions at q 0 = 40°both for the visible and near infrared regions. Shortwave albedo shows middle behavior between the visible and near infrared albedos. Figure A1 . Theoretically calculated broadband albedos as a function of solar zenith angles under the conditions of r eff = 30 and 1000 mm, clear sky (solid lines) and cloudy sky (dashed lines) and (a) c = 1 ppmw and (b) c = 100 ppmw.
